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Categoria Dato Fonte
Impronta di carbonio per 
tonnellata di cemento

0.83 tons CO2eq United States Environmental Protection 
Agency. (2020). Cement and Concrete 
Products Sector.

Consumo energetico totale 
durante la produzione

3-5 kWh/m³ Wuppertal Institute. (2013). Life cycle 
assessment of cement.

Produzione di rifiuti di 
calcestruzzo

20-40% dei rifiuti totali
da costruzione

World Economic Forum. (2019). The future of 
concrete: A sustainable infrastructure for the 
21st century.

Emissioni di gas serra derivanti 
dalla produzione di cemento

8.7% delle emissioni 
globali di GHG

Intergovernmental Panel on Climate Change. 
(2014). Climate Change 2014: Mitigation of 
climate change.

Consumo d’acqua durante la 
produzione

1,500-2,000 liters/m³ LafargeHolcim. (2020). Sustainability report.

Mix delle fonti energetiche per la 
produzione del cemento

70% combustibili 
fossili, 30% energie 
rinnovabili

Euromonitor International. (2020). Cement and
concrete products: World market situation.
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Andrew, R. M. (2019). Global CO 2 emissions from cement production, 1928–2018. Earth System Science Data, 11(4), 1675-1710.
Stripple, H. (2001). Life cycle assessment of road. A pilot study for inventory analysis.
Chatziaras, N., Psomopoulos, C. S., & Themelis, N. J. (2014, June). Use of alternative fuels in cement industry. In Proceedings of the 12th International Conference on 
Protection and Restoration of the Environment (Vol. 1, pp. 521-529).

Si stima che il consumo globale di aggregati, 
comprendenti sabbia e ghiaia, raggiunga ogni anno 
decine di miliardi di tonnellate. Alcune fonti indicano 
valori dell’ordine di 40–50 miliardi di tonnellate 
all’anno.

Il settore delle costruzioni rappresenta il principale 
motore di questa domanda e consuma una quota 
significativa di tali aggregati.

Altri usi industriali

Produzione di 
calcestruzzo

Costruzione di strade

Riempimenti

Produzione di asfalto

Produzione di vetro

Filtrazione e trattamento 
delle acque

Consumo di sabbia e ghiaia per settore
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https://pulitzercenter.org/projects/deadly-global-war-sand

The Deadly Global War for Sand – Vince Besier, Chi Yin Sim
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Economia circolare e Sardegna
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Economia circolare e Sardegna
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Aggregati riciclati da macerie da costruzione e demolizione
per ridurre l’impatto ambientale del calcestruzzo 

Calcestruzzo Sostenibile
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1- Prestazioni Meccaniche e durabilità

2- Elementi Strutturali

3- Solette Composte
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Il riciclo dei rifiuti da costruzione e demolizione (C&DW) può rappresentare una strategia molto 
promettente per ridurre l’impatto ambientale.

È possibile ottenere facilmente calcestruzzo riciclato con resistenza a compressione medio-
bassa, indipendentemente dalla qualità specifica del calcestruzzo originario.

Il calcestruzzo originario (genitore) ha un’influenza?

In realtà, il processo di produzione degli aggregati riciclati svolge un ruolo cruciale nel 
determinare le prestazioni finali, poiché può modificare notevolmente la quantità di malta 
aderente.

Economia circolare e Sardegna
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Caso studio – Vecchio stadio di calcio di Cagliari
The recycled aggregates come from the concrete structures
(slab beams and foundations) of the old 
stadium of football located in Cagliari (Sardinia, Italy, built in
1968).

Necessità di una nuova struttura

Tonnellate di rifiuti 
di calcestruzzo: 
un costo o un’opportunità?
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C. beam: proprietà 
meccaniche inferiori

C. foundation: Higher mechanical properties

C. Found. 1 2 3 4 5 6 Avg. Value
Rc (MPa) 26.8 32.2 24.7 - - - 27.9
fct (MPa) - - - 2.04 1.83 2.28 2.05
Ec (MPa) 24470 27751 23785 - - - 25335

C. Beam 1 2 3 4 5 6 Avg. Value
Rc (MPa) 22.2 22.1 18.7 - - - 21.0
fct (MPa) - - - 1.50 1.58 1.40 1.49
Ec (MPa) 19774 18537 15845 - - - 18042

Caso studio – Vecchio stadio di calcio di Cagliari
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Aggregati riciclati
RA_Foundation RA_Beam

Aggregate sizes 4/16 4/16
Grading GC 90/15, GT 17.5 GC 90/15, GT 17.5
Shape Index 59 34
Flakiness Index 4 4
Shell content of coarse

aggregate absent absentGe
om

et
ric

he

Fines content 0.15% 0.59%
Resistance to fragmentation

of coarse aggregate 39 39

Saturated surface-dried
particle density 2.39 2.38

Bulk density 1.23 1.14
Voids% 45 49
water absorption 7.0 6.7
Classification of the coarse recycled aggregates constituents:
X 0 0
Rc % 74 78
Ru % 27 22

Fi
si

ch
e

Rb=Ra=Rg % 0 0
Content of water-soluble 
chloride salts 0.005% 0.005%
Content of acid-soluble 
chloride salts 0.325% 0.325%
Content of acid-soluble 
sulphate 0.43% 0.26%
Content of Total Sulfur < 0.1% < 0.1%Ch

im
ic

he

Content of water-soluble 
sulphates
 

0.148% 0.068%
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La determinazione del contenuto di malta residua (RMC) è di fondamentale importanza per comprendere e 
valutare meglio le proprietà del calcestruzzo con aggregati riciclati.

La quantità e le proprietà della pasta cementizia residua presente negli aggregati di calcestruzzo riciclato 
influenzano significativamente le proprietà meccaniche e di durabilità del nuovo calcestruzzo.

6 

3.1 Residual mortar content in recycled concrete aggregates 
In RA the adhered cement mortar to the original natural aggregate particles influ-

ences significantly physical properties, workability and mechanical performances of 
recycled concrete. 

The determination of the Residual Mortar Content (RMC) has critical importance to 
better under-stand/evaluate the properties of concrete incorporating RA. However, 
there is currently no standard method for the RMC determination.  

The method used in this research, proposed by [25], consists in submitting repre-
sentative samples of RA to daily freezing and thawing cycles in a solution of sodium 
sulphate. The RMC obtained in RA_F and RA_B, divided into two fraction sizes (re-
tained 4 mm and 10 mm sieve), is shown in Table 3. The test shows that RMC is sig-
nificantly similar for RA_F and RA_B. 

Table 3. Residual mortar content (%). 

_____________________________________________ 
     Sieve Retained 4 mm   Sieve Retained 10 mm  ______________________________________________________ 
RA_Found.   55.81%        45.82% 
RA_Beams   49.67%        45.65%   ______________________________________________________ 
 
4 Mechanical characteristics of concrete 

CEM II/A-LL 42.5 R was used in all concrete mixes. Booth NA and coarse RA were 
used. Crushed natural granite was used as the natural aggregate. Two type of recycled 
aggregates (RA_F and RA_B) were used. Natural sand was used as the fine aggregate 
in all concrete mixes. A superplasticizer based on polycarboxylate was used in all the 
concrete mixtures. Recycled concrete mixes were produced using different re-place-
ment percentages (30%, 50% and 80%) of coarse RA in place of coarse NA. Six recy-
cled concrete mixes were produced, using separately the two types of coarse RA. In 
comparison an additional mix of Normal Concrete (NC) with only NA was produced. 

In Table 4 the proportions for each mix produced are shown. The mix of recycled 
concrete was designated to include type of coarse RA and aggregate replacement ratio. 
For example, the designation RC_F 30% represents a mix containing RA_F with re-
placement percentage 30% and RC_B 80% represents a mix containing RA_B with 
replacement percentage 80%. Each mix is characterized by water to cement ratio equal 
to 0.463, and an average density of 2283 kg/m3. 

 
 
 
 
 
 
 
 
 

Grabiec, A. M., Kim, J., Ubysz, A., & Bilbao, P. (2021). Some Remarks 
towards a Better Understanding of the Use of Concrete Recycled 
Aggregate: A Review. Sustainability, 13(23), 13336.
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Table 4. Aggregates proportion for different concrete mixes. 
___________________________________________________________________ 
        FINE   COARSE COARSE COARSE ADDITIVE 

  NA     NA    RA_F RA_B 
  (kg/m3)  (kg/m3)  (kg/m3)   (kg/m3)    (kg/m3)  ___________________________________________________________________ 

NC     847.49   880.06    -   -    2.91 
RC_B 30% 821.80  616.04    -  263.69   3.31 
RC_B 50% 802.97  440.03    -  440.27   3.31 
RC_B 80%  778.15  176.01    -  703.96   4.00 
RC_F 30%  821.80  616.04   263.69  -    3.31 
RC_F 50%  802.97  440.03   440.27  -    4.00 
RC_F 80%  778.15  176.01   703.96  -    4.00 ___________________________________________________________________ 
 

Compressive and splitting tensile strength and secant modulus of elasticity in com-
pression tests were performed according to UNI EN 12390-3: 2019 [26], UNI EN 
12390-6: 2010 [27] and UNI EN 12390-13: 2013 [28], respectively. The compressive 
strength test for each mix was determined at 14 and 28 days, while splitting tensile 
strength and modulus of elasticity were deter-mined at 28 days. In Figures 4-7 the re-
sults of tests are reported.  

 

Fig. 4. Slump test immediately (top) and 30 minutes (bottom) after casting. 

Water to cement ratio= 0.463
Average density 2283 kg/m3. 

Caso studio – Vecchio stadio di calcio di Cagliari
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Prestazioni Meccaniche
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Prestazioni Meccaniche – resistenza a compressione

y = 1 - 0.0021x
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Durabilità:

Sustainability 2020, 12, 9399 8 of 17

Table 5. Mechanical properties of concrete with RA and NC, Rc,14d represents the cubic compressive
strength at 14 days, Rc,28d represents the cubic compressive strength at 28 days, fct is the splitting tensile
strength, while Ec is the secant elastic modulus.

Notation N. Rc,14d (MPa) Rc,28d (MPa) fct (MPa) Ec (MPa)

NC

1 37.4 41.7 3.53 26,601
2 41.1 41.4 3.71 25,473
3 40.3 45.2 3.75 26,037

Average Value 39.6 42.8 3.66 26,037

RC_B 30%

1 44.4 45.5 3.46 24,138
2 41.7 47.3 3.83 23,553
3 41.5 44.8 4.06 22,846

Average Value 42.5 45.9 3.78 23,512

RC_F 30%

1 43.1 44.2 3.87 25,081
2 38.5 46.3 3.95 25,081
3 42.0 43.1 3.87 24,543

Average Value 41.2 44.5 3.89 24,902

RC_B 50%

1 45.5 43.9 3.70 23,383
2 44.9 41.8 4.04 22,976
3 43.9 47.5 3.95 22,675

Average Value 44.8 44.4 3.90 23,011

RC_F 50%

1 45.5 48.6 3.19 25,796
2 45.3 46.3 3.26 23,842
3 44.0 48.9 4.60 26,889

Average Value 44.9 47.9 3.68 25,509

RC_B 80%

1 43.4 45.6 4.10 25,314
2 42.8 47.9 3.59 22,602
3 43.1 48.1 3.87 22,541

Average Value 43.1 47.2 3.85 23,486

RC_F 80%

1 39.4 42.6 3.77 25,398
2 41.0 43.5 3.47 23,415
3 40.6 47.3 3.84 23,315

Average Value 40.3 44.5 3.69 24,043

The standard considered for this test is UNI EN 12390-8: 2009 [57]. Water pressure of 500 kPa is
applied for 72 h, as shown in Figure 5a, to the specimen. During the test, the presence of water on the
specimen surfaces not exposed to water pressure was periodically observed. The pressure was applied
for 72 h and then the specimen was split in half. The cutting surface was perpendicular to the face on
which the water pressure was applied, as shown in Figure 5b. The water penetration front could be
clearly seen on the split face and then it was marked, as shown in Figure 5c, and measured.
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Figure 6. Maximum penetration depth of water under pressure. The black horizontal line represents 
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soluble chloride content determined. 

Figure 5. Test of penetration of water under pressure: (a) apparatus to apply water under pressure;
(b) split specimen; (c) marked waterfront.
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of the aggregates were replaced by RA_B. The chloride penetration resistance of RC appears to be
influenced by the parent concrete of RA. On average, the theoretical service life of RC with RA_F is
40% higher than that of RC with RA_B.

4.2.3. Freeze–Thaw Resistance of Concrete

Concrete elements frequently exposed to water, to high relative humidity (more than 75%), and to
low environmental temperature (�5 �C or lower), can be subjected to deterioration caused by frost
and thaw. This damage allows the penetration of aggressive external agents (such as sulphates
and chlorides) and consequently the rebars corrosion is started. It consists mainly of micro- and
macro-cracking of the cement matrix and also of spalling of the exposed surface [25,59,60]. In order to
investigate this aspect, frost and thaw resistance tests were developed on the di↵erent concrete mixes,
as shown in Table 4. The standard test procedure UNI CEN/TS 12390-9: 2017 [61] was adopted to
assess the frost and thaw resistance of concrete in the presence of a sodium chloride solution. The test
does not fully reproduce any possible real field condition, as that can be extremely variable and can be
influenced by random parameters as the chemical composition of the environment surrounding the
concrete. Indeed, real concretes can be exposed to di↵erent types of pollution, chemical aggression,
and freezing and thawing cycles at the same moment. In addition, the porosity of the test specimens can
be di↵erent from the porosity of real concrete elements that is influenced by the presence of reinforcing
bars, di↵erent casting methods, etc. However, the test is useful to compare the behavior of di↵erent
concrete mixes with and without RA in given conditions.

Four cubic specimens (150 mm side length), for each concrete mix, were packed and cured for
28 days under standard thermo-hygrometric conditions. From each cube, a prismatic specimen of size
150 ⇥ 150 ⇥ 50 mm was obtained using a water-cooled diamond saw. A rubber coating was glued
to each face of the specimen except for the test surface, which coincides with the sawdust surface.
A silicone cord was applied around the entire perimeter of the test surface between the concrete and
the rubber coating. The individual specimens were placed in polystyrene honeycomb plastic boxes to
ensure thermal insulation on all surfaces except for the test surface, as shown in Figure 8.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 18 
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Figure 8. Samples exposed to freeze–thaw cycles.

All 28 samples (4 specimens for 7 concretes mixes, as shown in Table 4) were placed in the freezing
chamber and subjected to repeated freezing and thawing cycles. The temperature of the freezing liquid
in one specimen was monitored continuously and Figure 9 shows the temperatures measured over a
24 h cycle of freezing and thawing for a representative sample.

Cicli di gelo-disgelo Attacco da cloruri

Resistenza alla pressione dell’acqua
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Comportamento meccanico di elementi strutturali in calcestruzzo riciclato: plinti

Le nuove vite del calcestruzzo riciclato · Flavio Stochino 21



Concrete RC0% RC30% RC50%

Cement CEM 525 RI (kg) 350 356 352

Water (kg) 160 186 215

0-2 mm 120 130 120Fine natural 
aggregates (kg) 0-6 mm 600 595 600

4-10 mm 520 365 255Coarse natural 
aggregates (kg) 8-16 mm 600 415 300

Coarse recycled 
aggregates (kg) 4-16 mm 0 340 560

Concrete mix design Rc,28d
(MPa)

Rc,28d 
average 
(MPa)

fct,
(MPa)

fct,average
(MPa)

Ec
(MPa)

37.5 3.55
38.2 3.41RC0%
37.9

37.87
3.35

3.44 28640

37.1 3.53
39.1 3.49RC30%
38.1

38.10
3.43

3.48 28814

37.8 3.30
33.7 2.96RC50%
33.4

34.97
3.13

3.13 24678

Comportamento meccanico di elementi strutturali in calcestruzzo riciclato: plinti

Le nuove vite del calcestruzzo riciclato · Flavio Stochino 22
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Table 1. Mix design of concrete (1 m³)
.

     

Comportamento meccanico di elementi strutturali in calcestruzzo riciclato: plinti
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Campione Forza di 
collasso (kN)

Plinto 1 RC0% 98

Plinto 2 RC30% 102

Plinto 3 RC50% 100RC 0%

In tutti i campioni testati, la 1° fessura si è formata nel pilastro ad una quota pari a circa 1600 mm 
rispetto alla sommità del pilastro. Si è trattato di una fessura capillare che non ha manifestato 
particolari incrementi all’aumentare della forza orizzontale. 
Il collasso nel sistema plinto pilastro è avvenuto per la formazione di una unica lesione che si è 
formata, in tutti i plinti sottoposti a prova, alla base del plinto, come risulta dalla Figura 9. Questa 
lesione inizialmente capillare è andata crescendo con l’aumentare del carico. Si tratta di una lesione 
che ha interessato l’intero spessore della suola del plinto. La presenza dell’armatura (vedi Fig. 4) non 
ha consentito il distacco completo della porzione di suola. 

 
 

     

RC0%    RC30%    RC50% 

Fig. 9. Lesione alla base dei plinti 

In Figura 10 sono riportate le forze orizzontali di 1° fessurazione del pilastro e del plinto e la forza 
orizzontale massima raggiunta. 
 

 
Fig. 10. Forze orizzontali che hanno prodotto la prima fessura nel pilastro, nel plinto e quella 

massima raggiunta 

In Figura 11 sono riportati gli spostamenti orizzontali alla base del plinto in corrispondenza della 1° 
fessurazione del pilastro, del plinto e della forza orizzontale massima raggiunta. 
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of 5 mm and mesh with aperture of 100 mm) have been used as
slab reinforcement. The mechanical characteristics of the steel
are as follows: yielding strength fyk = 450 MPa, ultimate strength
fuk = 540 MPa, modulus of elasticity Es = 200 GPa.

2.2. Mix of concrete

The concrete mixes are reported in Table 2. These mixtures have
been divided into five groups: 0, 30, 50, 80 and 100% replacement
percentages (Rep%) of CNA with CRAc.

2.3. Test samples

Three concrete cubic specimens (side length 150 mm) for each
replacement percentage have been tested to determine the split-
ting tensile strength fsp,cube [71]. In the same way, three concrete
cylindrical specimens (diameter 150 mm, height 300 mm) have
been used to determine the compressive strength fc, cyl [72] and
the stabilized secant modulus of elasticity Ec [73] of each concrete
mix.

A total of fifteen reinforced concrete slab specimens (three
specimens for each mix) have been tested. All specimens have
the same dimensions: 1100!1100!50 mm.

The flexural reinforcement of specimens has been realized by
using two 100 ! 100 mm welded mesh layers (wire diameter
5 mm) placed in the top and bottom layers with a cover of
10 mm. In this way, the slabs have a low reinforcement ratio q
(equal to 0.56%).

The investigated slabs present a very small thickness that can
be interesting for the analysis of the punching shear behaviour.
Indeed, the effective depth of the slab is an important parameter
for many punching models and in particular for ACI 318, EC 2
and MC 2010. In [63] is reported that when two slabs with similar
geometric proportions are investigated the thicker slab has a lower
rotation capacity and fails in a rather brittle manner whereas the
thinner slab exhibits a more ductile behaviour. So, in case of
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Fig. 1. Geometry of the slab specimen and test setup.

Fig. 2. Test setup.
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replacement percentage are reduced to 6%, 29%, 13%, and 26%,
respectively, of the corresponding values of NC.

Actually, RC and NC have different failure mechanisms that
probably cause performance reductions of RC with respect to NC.
Their structures are very different, and the failure mechanism of
the recycled concrete is fairly complex. Rupture in RC may be influ-
enced by many factors including mortar strength, aggregate
strength, mortar–aggregate bond properties, surface texture and
shape of coarse recycled aggregate, and interface surface proper-
ties. In addition, some recycled aggregates can be formed by mor-
tar only [33,74,75]. In NC, there is only one type of interfacial
transition zone between the original NA and the cement paste. In
recycled concrete, there are two interface areas: one between the
original NA and the old cement mortar and the other between
the old cement mortar and the new cement mortar [31–33,75].

An analysis of the fracture surfaces after splitting tensile
strength tests shows a lower original aggregate strength and
higher bond strength between old and new cement mortar. It
can be observed that the failure occurs in the original aggregate
[75]. This failure behaviour is typical of high-strength NC [76].

3.2. Slab test

Details of cracking and punching load (Vcr and Vexp) of the sim-
ple supported slab and its corresponding deflection (dcr and du) are
given in Table 4. Deflection–load curves for the different cases are
shown in Figs. 4(a–e). The first crack condition is identified by the
black rhombus.

The results reported in Table 4 highlight that the first crack and
ultimate loads of NC and RC are very similar. Indeed, the first crack
loads of slabs RC1 and RC2 increase (approximately 7%) with
respect to NC, and there is a reduction of 12% for RC3. In the RC4
case, the first crack load is practically equal to that of the NC slab.

Considering that the ultimate punching load insignificant differ-
ences between RC slabs and NC slabs have been found. This fact
highlights that the presence of CRAc (even with a high replacement
percentage) does not influence the first crack load or the ultimate
load (in agreement with [68,69]). They probably depend on various
factors i.e., physical–mechanical characteristics of aggregates,

Fig. 4. (a) Load–deflection curves of NC0 slabs

Fig. 4. (b) Load–deflection curves of RC1 slabs

Fig. 4. (c) Load–deflection curves of RC2 slabs.

Fig. 4. (d) Load–deflection curves of RC3 slabs.

Fig. 4. (e) Load–deflection curves of RC4 slabs.
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construction technology of slabs, and particularly the steel–con-
crete bond (first crack load) and ultimate reinforcement strength
(first crack and ultimate load). Indeed, in the failure condition,

the influence of the concrete mechanical characteristics is very
low compared with the effect of the steel reinforcement, which
has paramount relevance. The failure mechanism is mainly based

Fig. 5. Cracking patterns at failure of slabs after punching test for each replacement percentage (0%, 30%, 50%, 80%, 100%): on the left is the top face, on the right is the bottom
face.
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kdg ¼
32

16þ dg
P 0:75: ð12Þ

Instead, if the size of the maximum aggregate dg is larger than
16 mm, kdg can be assumed to be equal to 1.0. For high-strength
or lightweight concrete, the aggregate particles may break, result-
ing in a reduced aggregate interlock contribution as reported in MC
2010. In that case, dg = 0 and kdg = 2.0 (e.g. [78]). This failure beha-
viour has been highlighted by analysis of the fracture surfaces after
splitting tests of RC (see Section 3.1: Concrete tests). The parameter
w refers to the rotation of the slab around the supported area; its
value can be calculated by formulas characterized by various levels
of approximation, which will be presented in the following. In gen-
eral, when the approximation level is higher, the computational
cost is higher, but the economic cost of the structural solution is
lower.

4.3.1. Level of approximation I
The level I method represents the simplest and straightforward

approach, which is valid for standard cases. For regular flat slabs

Table 8
Theoretical and experimental punching shear force of tested slabs.

VRd, c Model Code 2010 (kN)

Level I II III

kdg 1.14 2 1.14 2 1.14 2

dg (mm) 12 0 12 0 12 0

Samples Vexp

(kN)
Vexp, average

(kN)

NC0-1 72.5
NC0-2 68.7 68.70 83.00 59.18 90.06 65.60 96.27 71.49
NC0-3 64.9

RC1-1 64.9
RC1-2 72.5 69.97 78.50 56.00 85.18 62.05 90.41 66.99
RC1-3 72.5

RC2-1 64.9
RC2-2 68.7 66.17 77.50 55.27 84.10 61.26 89.26 66.14
RC2-3 64.9

RC3-1 68.7
RC3-2 64.9 68.70 73.85 52.67 80.14 51.38 85.06 63.04
RC3-3 72.5

RC4-1 68.7
RC4-2 68.7 69.97 70.15 50.03 76.12 55.45 80.80 59.87
RC4-3 72.5

Fig. 14. Ratio between experimental Vexp and the theoretical level I MC 2010 VRd,c

punching shear strength considering different replacement ratios and two extreme
values of kdg.

Fig. 16. Ratio between experimental Vexp and the theoretical level III MC 2010 VRd,c

punching shear strength considering different replacement ratios and two extreme
values of kdg.

Fig. 15. Ratio between experimental Vexp and the theoretical level II MC 2010 VRd,c

punching shear strength considering different replacement ratios and two extreme
values of kdg.
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replacement percentage are reduced to 6%, 29%, 13%, and 26%,
respectively, of the corresponding values of NC.

Actually, RC and NC have different failure mechanisms that
probably cause performance reductions of RC with respect to NC.
Their structures are very different, and the failure mechanism of
the recycled concrete is fairly complex. Rupture in RC may be influ-
enced by many factors including mortar strength, aggregate
strength, mortar–aggregate bond properties, surface texture and
shape of coarse recycled aggregate, and interface surface proper-
ties. In addition, some recycled aggregates can be formed by mor-
tar only [33,74,75]. In NC, there is only one type of interfacial
transition zone between the original NA and the cement paste. In
recycled concrete, there are two interface areas: one between the
original NA and the old cement mortar and the other between
the old cement mortar and the new cement mortar [31–33,75].

An analysis of the fracture surfaces after splitting tensile
strength tests shows a lower original aggregate strength and
higher bond strength between old and new cement mortar. It
can be observed that the failure occurs in the original aggregate
[75]. This failure behaviour is typical of high-strength NC [76].

3.2. Slab test

Details of cracking and punching load (Vcr and Vexp) of the sim-
ple supported slab and its corresponding deflection (dcr and du) are
given in Table 4. Deflection–load curves for the different cases are
shown in Figs. 4(a–e). The first crack condition is identified by the
black rhombus.

The results reported in Table 4 highlight that the first crack and
ultimate loads of NC and RC are very similar. Indeed, the first crack
loads of slabs RC1 and RC2 increase (approximately 7%) with
respect to NC, and there is a reduction of 12% for RC3. In the RC4
case, the first crack load is practically equal to that of the NC slab.

Considering that the ultimate punching load insignificant differ-
ences between RC slabs and NC slabs have been found. This fact
highlights that the presence of CRAc (even with a high replacement
percentage) does not influence the first crack load or the ultimate
load (in agreement with [68,69]). They probably depend on various
factors i.e., physical–mechanical characteristics of aggregates,

Fig. 4. (a) Load–deflection curves of NC0 slabs

Fig. 4. (b) Load–deflection curves of RC1 slabs

Fig. 4. (c) Load–deflection curves of RC2 slabs.

Fig. 4. (d) Load–deflection curves of RC3 slabs.

Fig. 4. (e) Load–deflection curves of RC4 slabs.
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replacement percentage are reduced to 6%, 29%, 13%, and 26%,
respectively, of the corresponding values of NC.

Actually, RC and NC have different failure mechanisms that
probably cause performance reductions of RC with respect to NC.
Their structures are very different, and the failure mechanism of
the recycled concrete is fairly complex. Rupture in RC may be influ-
enced by many factors including mortar strength, aggregate
strength, mortar–aggregate bond properties, surface texture and
shape of coarse recycled aggregate, and interface surface proper-
ties. In addition, some recycled aggregates can be formed by mor-
tar only [33,74,75]. In NC, there is only one type of interfacial
transition zone between the original NA and the cement paste. In
recycled concrete, there are two interface areas: one between the
original NA and the old cement mortar and the other between
the old cement mortar and the new cement mortar [31–33,75].

An analysis of the fracture surfaces after splitting tensile
strength tests shows a lower original aggregate strength and
higher bond strength between old and new cement mortar. It
can be observed that the failure occurs in the original aggregate
[75]. This failure behaviour is typical of high-strength NC [76].

3.2. Slab test

Details of cracking and punching load (Vcr and Vexp) of the sim-
ple supported slab and its corresponding deflection (dcr and du) are
given in Table 4. Deflection–load curves for the different cases are
shown in Figs. 4(a–e). The first crack condition is identified by the
black rhombus.

The results reported in Table 4 highlight that the first crack and
ultimate loads of NC and RC are very similar. Indeed, the first crack
loads of slabs RC1 and RC2 increase (approximately 7%) with
respect to NC, and there is a reduction of 12% for RC3. In the RC4
case, the first crack load is practically equal to that of the NC slab.

Considering that the ultimate punching load insignificant differ-
ences between RC slabs and NC slabs have been found. This fact
highlights that the presence of CRAc (even with a high replacement
percentage) does not influence the first crack load or the ultimate
load (in agreement with [68,69]). They probably depend on various
factors i.e., physical–mechanical characteristics of aggregates,

Fig. 4. (a) Load–deflection curves of NC0 slabs

Fig. 4. (b) Load–deflection curves of RC1 slabs

Fig. 4. (c) Load–deflection curves of RC2 slabs.

Fig. 4. (d) Load–deflection curves of RC3 slabs.

Fig. 4. (e) Load–deflection curves of RC4 slabs.
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Comportamento meccanico di elementi strutturali in calcestruzzo riciclato: solette
composte
 Efficienza strutturale 

 Riduzione dei tempi di costruzione 

 Convenienza economica 

PRIN 2022 - Steel and Recycled 

Concrete Slab – SARCOS 

  www.projectsarcos.it 
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48
Solette composte

2 campagne sperimentali (2023 and 2024)

Miscele di Calcestruzzo

Percentuali di sostituzione degli aggregati riciclati : 0%, 20%, 30%, 50%, 70%, 100%

3
Luci 

2.40 m, 2.80 m, and 3.20 m

LVDTs per Soletta

Monitoraggio degli spostamenti trasversali e longitudinali

6

8
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TEST SU SOLETTE COMPOSTE 

 

Miscela L(cm) b (cm) ht (cm) 
C0 240 66 18 
C0 280 66 18 
C0 320 66 18 
C30-30 240 66 18 
C30-30 280 66 18 
C30-30 320 66 18 
C50-50 240 66 18 
C50-50 280 66 18 
C50-50 320 66 18 
C100-100 240 66 18 
C100-100 280 66 18 
C100-100 320 66 18 
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B.3.2 Testing arrangement 
(1) Tests should be carried out on simply supported slabs. 
 
(2) The test set-up should be as shown in Figure B.3 or equivalent. 

 
(3) Two equal concentrated line loads, placed symmetrically at L/4 and 3L/4 on the span, should be 
applied to the specimen. 
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Key 
1 neoprene pad or equivalent d 100 mm x b 

2 support bearing plate d 100 mm x b x 10 mm (min) (typical for all bearing plates) 

 
Figure B.3 : Test set-up 

 
(4) The distance between the centre line of the supports and the end of the slab should not exceed 
100 mm. 
 
(5) The width of the bearing plates and the line loads should not exceed 100 mm. 
 
(6) When the tests are used to determine m and k factors, for each variable to be investigated two 
groups of three tests (indicated in Figure B.4 by regions A and B) or three groups of two tests 
should be performed. For specimens in region A, the shear span should be as long as possible while 
still providing failure in longitudinal shear and for specimens in region B as short as possible while 
still providing failure in longitudinal shear, but not less than 3ht in length. 
 
(7) When the tests are used to determine Wu,Rd for each type of steel sheet or coating not less than 
four tests should be carried out on specimens of same thickness ht without additional reinforcement 
or end anchorage. In a group of three tests the shear span should be as long as possible while still 
providing failure in longitudinal shear and in the remaining one test as short as possible while still 
providing failure in longitudinal shear, but not less than 3ht in length. The one test with short shear 
span is only used for classifying the behaviour in accordance with B.3.1(2). 
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Cross-section geometry of the Steel Sheets (referred to as SG110-600)
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Programma sperimentale

Luce (cm) 240 280 320
Mix M 0-0 M 30-30 M 50-50 M100-100

Rck (Mpa) 43.1 32.3 34.5 23.2

Table: Design of Concrete Blends.

Blend Cement 
(kg/m3) 

Fine Recycled 
(%) 

Coarse Recycled 
(%) 

Water 
(kg) 
 

Additive 
(kg) 

M0-0 366 0 0 185 3.30 
M30-30 366 30 30 185 3.30 
M50-50 366 50 50 185 3.30 
M100-100 366 100 100 185 3.30 
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TEST SU SOLETTE COMPOSTE 

 

Miscela L(cm) b (cm) ht (cm) 
C0 240 66 18 
C0 280 66 18 
C0 320 66 18 
C30-30 240 66 18 
C30-30 280 66 18 
C30-30 320 66 18 
C50-50 240 66 18 
C50-50 280 66 18 
C50-50 320 66 18 
C100-100 240 66 18 
C100-100 280 66 18 
C100-100 320 66 18 

 

EN 1994-1-1:2004 (E)  

 114 

B.3.2 Testing arrangement 
(1) Tests should be carried out on simply supported slabs. 
 
(2) The test set-up should be as shown in Figure B.3 or equivalent. 

 
(3) Two equal concentrated line loads, placed symmetrically at L/4 and 3L/4 on the span, should be 
applied to the specimen. 
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Key 
1 neoprene pad or equivalent d 100 mm x b 

2 support bearing plate d 100 mm x b x 10 mm (min) (typical for all bearing plates) 

 
Figure B.3 : Test set-up 

 
(4) The distance between the centre line of the supports and the end of the slab should not exceed 
100 mm. 
 
(5) The width of the bearing plates and the line loads should not exceed 100 mm. 
 
(6) When the tests are used to determine m and k factors, for each variable to be investigated two 
groups of three tests (indicated in Figure B.4 by regions A and B) or three groups of two tests 
should be performed. For specimens in region A, the shear span should be as long as possible while 
still providing failure in longitudinal shear and for specimens in region B as short as possible while 
still providing failure in longitudinal shear, but not less than 3ht in length. 
 
(7) When the tests are used to determine Wu,Rd for each type of steel sheet or coating not less than 
four tests should be carried out on specimens of same thickness ht without additional reinforcement 
or end anchorage. In a group of three tests the shear span should be as long as possible while still 
providing failure in longitudinal shear and in the remaining one test as short as possible while still 
providing failure in longitudinal shear, but not less than 3ht in length. The one test with short shear 
span is only used for classifying the behaviour in accordance with B.3.1(2). 
 

UNIVERSITA' CAGLIARI - servizio UNICoNTO - abbonamento n. 611 scadenza: 21/8/2007 - Documento scaricato il 16/7/2007

Composite Slab L 320 cm
M0-0 – 27 kN
M50-50 – 42 kN

M 0-0 M 30-30
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Fase 1
Comportamento 
Elastico Lineare

Fase 3
Meccanisimo 

resistente residuo 
flessionale

Fase 2
Crollo della capacità a 

causa dello scorrimento

Comportamento Strutturale Caratterizzato da 3 fasi:

Le nuove vite del calcestruzzo riciclato · Flavio Stochino 40
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TEST SU SOLETTE COMPOSTE 

 

Miscela L(cm) b (cm) ht (cm) 
C0 240 66 18 
C0 280 66 18 
C0 320 66 18 
C30-30 240 66 18 
C30-30 280 66 18 
C30-30 320 66 18 
C50-50 240 66 18 
C50-50 280 66 18 
C50-50 320 66 18 
C100-100 240 66 18 
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B.3.2 Testing arrangement 
(1) Tests should be carried out on simply supported slabs. 
 
(2) The test set-up should be as shown in Figure B.3 or equivalent. 

 
(3) Two equal concentrated line loads, placed symmetrically at L/4 and 3L/4 on the span, should be 
applied to the specimen. 
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Key 
1 neoprene pad or equivalent d 100 mm x b 

2 support bearing plate d 100 mm x b x 10 mm (min) (typical for all bearing plates) 

 
Figure B.3 : Test set-up 

 
(4) The distance between the centre line of the supports and the end of the slab should not exceed 
100 mm. 
 
(5) The width of the bearing plates and the line loads should not exceed 100 mm. 
 
(6) When the tests are used to determine m and k factors, for each variable to be investigated two 
groups of three tests (indicated in Figure B.4 by regions A and B) or three groups of two tests 
should be performed. For specimens in region A, the shear span should be as long as possible while 
still providing failure in longitudinal shear and for specimens in region B as short as possible while 
still providing failure in longitudinal shear, but not less than 3ht in length. 
 
(7) When the tests are used to determine Wu,Rd for each type of steel sheet or coating not less than 
four tests should be carried out on specimens of same thickness ht without additional reinforcement 
or end anchorage. In a group of three tests the shear span should be as long as possible while still 
providing failure in longitudinal shear and in the remaining one test as short as possible while still 
providing failure in longitudinal shear, but not less than 3ht in length. The one test with short shear 
span is only used for classifying the behaviour in accordance with B.3.1(2). 
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Composite Slab L 280 cm
M0-0 – 41 kN
M50-50 – 52 kN

M 0-0 M 50-50
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TEST SU SOLETTE COMPOSTE 

 

Miscela L(cm) b (cm) ht (cm) 
C0 240 66 18 
C0 280 66 18 
C0 320 66 18 
C30-30 240 66 18 
C30-30 280 66 18 
C30-30 320 66 18 
C50-50 240 66 18 
C50-50 280 66 18 
C50-50 320 66 18 
C100-100 240 66 18 
C100-100 280 66 18 
C100-100 320 66 18 
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B.3.2 Testing arrangement 
(1) Tests should be carried out on simply supported slabs. 
 
(2) The test set-up should be as shown in Figure B.3 or equivalent. 

 
(3) Two equal concentrated line loads, placed symmetrically at L/4 and 3L/4 on the span, should be 
applied to the specimen. 
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Key 
1 neoprene pad or equivalent d 100 mm x b 

2 support bearing plate d 100 mm x b x 10 mm (min) (typical for all bearing plates) 

 
Figure B.3 : Test set-up 

 
(4) The distance between the centre line of the supports and the end of the slab should not exceed 
100 mm. 
 
(5) The width of the bearing plates and the line loads should not exceed 100 mm. 
 
(6) When the tests are used to determine m and k factors, for each variable to be investigated two 
groups of three tests (indicated in Figure B.4 by regions A and B) or three groups of two tests 
should be performed. For specimens in region A, the shear span should be as long as possible while 
still providing failure in longitudinal shear and for specimens in region B as short as possible while 
still providing failure in longitudinal shear, but not less than 3ht in length. 
 
(7) When the tests are used to determine Wu,Rd for each type of steel sheet or coating not less than 
four tests should be carried out on specimens of same thickness ht without additional reinforcement 
or end anchorage. In a group of three tests the shear span should be as long as possible while still 
providing failure in longitudinal shear and in the remaining one test as short as possible while still 
providing failure in longitudinal shear, but not less than 3ht in length. The one test with short shear 
span is only used for classifying the behaviour in accordance with B.3.1(2). 
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Composite Slab L 240 cm
M0-0 – 44 kN
M50-50 – 47 kN

M 0-0 M 50-50
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Carico collasso solette composte (kN)

 L240 L280 L320
M 0-0 44 42 25

M 30-30 55 37 30
M 50-50 47 52 42

M100-100 52 49 47

Resistenza compressione calcestruzzo:

Miscele M 0-0 M 30-30 M 50-50 M100-100
Rck (Mpa) 43.1 32.3 34.5 23.2
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load-bearing capacities compared to traditional concrete slabs, partic-
ularly under specific span lengths. These preliminary findings challenge 
conventional assumptions that recycled aggregates inherently result in 
diminished structural performance, underscoring the potential for 
tailored recycled aggregate proportions to achieve desired strength 
characteristics in particular for composite structures [28].

The ductile behavior observed in composite slabs with recycled ag-
gregates is confirmed from the extensive experimentally observed 
deformation and the ability of the slabs to sustain loads post-debonding, 
suggesting a high potential for energy dissipation, particularly useful in 
seismic regions. The enhanced bond strength between the recycled 
aggregate concrete and steel sheeting suggests a promising avenue for 
further optimization of composite slab designs.

The use of recycled aggregates has shown structural benefits, such as 
improved bonding with steel sheets, which enhances the overall 

performance of composite slabs.
However, the research emphasizes the imperative for further inves-

tigation to optimize mix designs, assess the long-term performance of 
recycled aggregate slabs, and ascertain their applicability across diverse 
structural contexts. Future studies should explore long-term perfor-
mance of RCA-based composite slabs, particularly focusing on creep and 
fatigue behavior, effects of freeze-thaw cycles and moisture exposure, 
but also on thermal properties of recycled aggregate composite slabs to 
provide a comprehensive understanding of their performance over the 
lifecycle of a structure.

In essence, this study underscores the significant role recycled ag-
gregates can play in fostering sustainable construction practices while 
ensuring the preservation of mechanical performance in composite slab 
design through meticulous consideration of material properties. By 
continuing to refine and expand upon these initial findings, the con-
struction industry can move closer to achieving its sustainability goals 
without compromising structural integrity.

CRediT authorship contribution statement

Marco Andrea Pisani: Validation, Supervision, Conceptualization. 
Marco Simoncelli: Writing – original draft, Validation, Supervision, 
Funding acquisition, Formal analysis, Conceptualization. Giovanna 

Fig. 17. The M- η domain for the composite section with M0-0 mix design.

Fig. 18. Approach for the determination of the degree of interaction (EC4).

Table 5 
Non-dimensional longitudinal shear strength.

2400 mm 2800 mm 3200 mm average CoV (%)

τu,M30/τu,M0 1.59 0.70 0.64 0.98 0.19
τu,M50/τu,M0 0.95 1.92 1.47 1.44 0.15
τu,M100/τu,M0 1.30 1.57 2.14 1.68 0.13
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strength. This phenomenon can be attributed to the weaker nature of the 
recycled concrete aggregates in the interfacial transition zone (ITZ) 
compared to natural aggregate. The presence of mortar adhered to the 
recycled aggregate contributes to this weakness.

The Modulus of Elasticity in compression was determined in accor-
dance with UNI-EN 12390-13: 2013 [22]. For each concrete type, two 
cylindrical specimens with diameters of 150 mm and heights of 300 mm 
were fabricated and subjected to testing. Table 3 illustrates the average 
results and coefficient of variation (CoV) for each test.

The M 0-0 mix, which lacked recycled content, exhibited the highest 
average Modulus of Elasticity at 34.7 GPa, albeit with a relatively high 
coefficient of variation (CoV) of 13.43 %. Conversely, mixes incorpo-
rating recycled aggregates (M30-30, M50-50, and M100-100) demon-
strated more consistent properties, as evidenced by their lower CoVs of 
0.53 %, 1.45 %, and an exceptionally small 0.03 %, respectively. As 
indicated in Table 3, there is a clear trend showing that an increase in the 
replacement percentage decreases the elastic modulus value of concrete, 
aligning with expectations and findings from existing literature [23]. 
Hence, it is expected that the higher the percentage of aggregate 
replacement, the greater the deformability of the slab.

2.2. Steel sheeting

The steel material for the sheeting is a S280GD used for cold-formed 
profiles. The deck has been provided by Spinelli srl, named SG110-600, 
which is a special deck having a total height of the ribs equal to about 
110 mm, which is not usual for this type of profile (Fig. 5). The thickness 
of the sheeting is constant and equal to 0.75 mm. It has been used the 
same identical profile for all the tested slabs. Tensile tests on four 
coupon samples identified a mean yielding tension equal to 338.18 MPa 
and a mean ultimate tension equal to 593.16 MPa. The mean value of 
the Young Modulus is equal to 195 GPa.

3. Testing campaign

3.1. Test description

Experimental tests were performed employing a loading machine 
outfitted with a hydraulic jack, facilitating precise loading on all slabs at 

two predetermined points at L/4 from midspan, where L denotes the 
span length of the slab. All the specimens were restrained with a simple 
support and an hinge at their ends. The displacement of the slabs was 
monitored at 8 distinct locations using linear displacement transducers 
(LVDTs) with a nominal displacement of 100 mm, nominal sensitivity 
2 mV/V, sensitivity tolerance ± 0.1 %, measure resolution 1 µm. In 
particular, 4 LVDTs were used to monitor the debonding of the slab, i.e. 
the lateral relative deformation between the steel and the concrete. The 
instrument position and the static scheme of the tests is reported in 
Fig. 6.

The loading protocol involved two successive load cycles up to 30 % 
and 50 % of the theoretical collapse load, respectively. After these load 
cycles in the testing sequence, a third loading cycle was performed until 
reaching the peak load, corresponding to the debonding failure of each 
slab specimen. This kind of failure occurs when the bond between the 
concrete and the steel is compromised. Following this peak measure-
ment, the slabs were subjected to additional loading until flexural failure 
that occurred at a lower load. This behavior was detected for each slab 
specimen showing an intrinsic ductility for this kind of structure.

3.2. Load versus vertical displacement

The applied vertical load is plotted in Figs. 7–9 as a function of the 
middle displacement (M and L transducers, see Fig. 6 for their positions). 
Figures differ for the length of the slab, while the different mix design 
are grouped together in the same figure. This representation allows for a 
comprehensive understanding of how varying structural dimensions 
influence the response to the test. It can be noted that, for the 2400 mm 
span, the M 30-30 mix design demonstrated the highest vertical load 
while for the 2800 mm and 3200 mm spans, the maximum vertical load 
is associated with the M 50-50 and the M 100-100 mix design, 
respectively.

Some patterns are common for all Figs. 7–9: the initial linear portion 
is influenced by the elastic response of both materials, whereas post- 
peak behavior shows debonding and subsequent flexural deformation. 
The sudden drop in load post-peak is explained as a debonding failure, 
followed by a ductile phase characterized by progressive cracking and 
load redistribution.

The collapse mechanism exhibited uniformity across all slabs: upon 
reaching the maximum load, debonding initiates (as depicted in Fig. 10), 
resulting in a sudden decline in the curves. This initial debonding phase 
is succeeded by a flexural mechanism, inducing substantial de-
formations despite minimal load variation. With the progression of 
cracking, the bond between the concrete and steel further deteriorates, 
facilitating the expansion of the debonded region. Ultimately, this 
enlarged debonded area compromises the structural integrity of the 
composite slab. Following debonding, a flexural mechanism ensues, 
redistributing loads within both the composite slab and its supporting 

Fig. 4. Effect of recycled concrete aggregates replacement after 28 days of curing: a) compressive and b) tensile strength.

Table 3 
Concrete modulus of elasticity.

Mix Average [GPa] CoV (%)

M 0-0 34.7 13.43
M 30-30 22.5 0.53
M 50-50 23.7 1.45
M 100-100 16.7 0.03
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and then the longitudinal shear strength (τu) was evaluated by means of 
the use of the partial interaction domain (PSC) of the EC4-1-1 [14]. The 
main hypotheses of the procedure are: i) at the ultimate limit state (ULS) 
the thin steel deck works always in plastic range independently on the 
stress level reached in the cross-section. The position of the plastic axis 
of the steel sheet is identified by terms ep; ii) the concrete inside the ribs 
gives no contribution to the final resistance; iii) when the degree of 
interaction is equal to zero (η = 0), only the effective bending resistance 
of the steel sheeting is considered. The effective properties of the steel 
hi-bond under pure bending were evaluated following the prescriptions 
of EC3-1-3 [26] by properly considering the presence of stiffeners on the 
cross-section which produce also distortional buckling in addition to the 
local one. The obtained effective section is plotted in Fig. 15.

The maximum compression, which is assumed to act on the concrete, 
Ncf, is equal to (Fig. 16): 

Ncf = b • hc • 0.85fcm (1) 

where b is the width of the section, hc is the height of the concrete slab 
above the steel sheeting and fcm is the mean value of the cylindrical 
resistance of the concrete. It can be observed that the interaction domain 
is influenced by the mechanical properties of the concrete, for this 
reason we will obtain one different domain for each mix design.

From the equilibrium between the maximum compression on the 
concrete and the maximum tension on the steel, it is possible to evaluate 

Fig. 9. Load-displacement curves (M and L, LVTD) for 3200 mm span.

Fig. 10. Typical relative displacements of the steel sheet with respect the 
concrete during the test.

Fig. 11. Flexural crack at the end of the test.

Table 4 
Collapse load [kN] of the tested slabs.

Mix design 2400 mm 2800 mm 3200 mm

M 0-0 48.20 41.96 26.98
M 30-30 55.91 38.01 31.67
M 50-50 47.53 52.24 42.41
M 100-100 53.05 49.23 47.45
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Risultati complessivi - luce 2.40 m
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Risultati complessivi - luce 2.80 m
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Nel caso di solette composte con connessione mediante ingranamento meccanico o attrito, la verifica 
a scorrimento longitudinale può essere effettuata utilizzando due metodi (EC4, 9.7.3):

•Metodo m-k, una procedura empirica basata essenzialmente sull’analisi statistica dei dati ottenuti da 
prove sperimentali a flessione eseguite su provini in scala reale.

푉푙,푅푑= 푏 ⋅ 푑푝 ⋅

푚 ⋅ 퐴푝
푏 ⋅ 퐿푠

+ 푘

훾푠
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(3) Initial test: the slab should be subjected to an imposed cyclic load, which varies between a lower 
value not greater than 0,2Wt and an upper value not less than 0,6Wt, where Wt is the measured 
failure load of the preliminary static test according (2). 
 
(4) The loading should be applied for 5000 cycles in a time not less than 3 hours. 
 
(5) Subsequent test: on completion of the initial test, the slab should be subjected to a static test 
where the imposed load is increased progressively, such that failure does not occur in less than         
1 hour. The failure load Wt is the maximum load imposed on the slab at failure plus the weight of 
the composite slab and spreader beams. 
 
(6) In the subsequent test the load may be applied either as force-controlled or deflection-controlled. 
 
B.3.5  Determination of design values for m and k 
 
(1) If the behaviour is ductile, see 9.7.3(3), the representative experimental shear force Vt should be 
taken as 0,5 times the value of the failure load Wt as defined in B.3.4. If the behaviour is brittle this 
value shall be reduced, using a factor 0,8. 
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Note: b, dp and Ls are in mm, Ap is in mm2, Vt is in N. 

Key 
1 design relationship for longitudinal shear resistance

 
Figure B.4 : Evaluation of test results 
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1 

TEST SU SOLETTE COMPOSTE 

 

Miscela L(cm) b (cm) ht (cm) 
C0 240 66 18 
C0 280 66 18 
C0 320 66 18 
C30-30 240 66 18 
C30-30 280 66 18 
C30-30 320 66 18 
C50-50 240 66 18 
C50-50 280 66 18 
C50-50 320 66 18 
C100-100 240 66 18 
C100-100 280 66 18 
C100-100 320 66 18 
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B.3.2 Testing arrangement 
(1) Tests should be carried out on simply supported slabs. 
 
(2) The test set-up should be as shown in Figure B.3 or equivalent. 

 
(3) Two equal concentrated line loads, placed symmetrically at L/4 and 3L/4 on the span, should be 
applied to the specimen. 
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Key 
1 neoprene pad or equivalent d 100 mm x b 

2 support bearing plate d 100 mm x b x 10 mm (min) (typical for all bearing plates) 

 
Figure B.3 : Test set-up 

 
(4) The distance between the centre line of the supports and the end of the slab should not exceed 
100 mm. 
 
(5) The width of the bearing plates and the line loads should not exceed 100 mm. 
 
(6) When the tests are used to determine m and k factors, for each variable to be investigated two 
groups of three tests (indicated in Figure B.4 by regions A and B) or three groups of two tests 
should be performed. For specimens in region A, the shear span should be as long as possible while 
still providing failure in longitudinal shear and for specimens in region B as short as possible while 
still providing failure in longitudinal shear, but not less than 3ht in length. 
 
(7) When the tests are used to determine Wu,Rd for each type of steel sheet or coating not less than 
four tests should be carried out on specimens of same thickness ht without additional reinforcement 
or end anchorage. In a group of three tests the shear span should be as long as possible while still 
providing failure in longitudinal shear and in the remaining one test as short as possible while still 
providing failure in longitudinal shear, but not less than 3ht in length. The one test with short shear 
span is only used for classifying the behaviour in accordance with B.3.1(2). 
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Nel caso di solette composte con connessione mediante ingranamento meccanico o attrito, la verifica 
a scorrimento longitudinale può essere effettuata utilizzando due metodi (EC4, 9.7.3):

•Metodo m-k, una procedura empirica basata essenzialmente sull’analisi statistica dei dati ottenuti da 
prove sperimentali a flessione eseguite su provini in scala reale.

푽풍,푹풅= 푏 ⋅ 푑푝 ⋅

푚 ⋅ 퐴푝
푏 ⋅ 퐿푠

+ 푘

훾푠

•Metodo dell’interazione parziale, una procedura semi-empirica basata su un modello meccanico 
calibrato mediante i risultati delle prove sperimentali.

푁푐= 휏푢 ⋅ 푏 퐿0+ 퐿푠

푀푝푟= 1.25 ⋅ 푀푝푎 ⋅ 1 −
휂푁푐푓
퐴푝 ⋅ 푓푝푑

≤푀푝푎

푧 = ℎ푡− 0.5ℎ푐− 푒푝+ 푒푝− 푒 ⋅
휂푁푐푓
퐴푝푓푝푑

푴푹풅=푀푝푟+ 휂 ⋅ 푁푐푓 ⋅ 푧 휂 =
푁푐
푁푐푓

Modelli normativi per lo scorrimento longitudinale
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Metodologia di progetto – metodo m-k

Gli studi in letteratura hanno mostrato che la resistenza all’interfaccia evolve attraverso 3 fasi 
successive:

ADESIONE CHIMICA

Un legame molto fragile che
si sviluppa durante le fasi di
presa e indurimento del
calcestruzzo. L’EC4 richiede
cicli iniziali di pre-carico per
eliminare questo legame,
poiché esso non
rappresenta una forma
stabile di collaborazione
strutturale.

INGRANAMENTO
MECCANICO

La pendenza m rappresenta
il contributo dell’ingranamento
meccanico. Essa aumenta
con l’efficacia della geometria
delle bugnature e, quindi, con
la capacità del calcestruzzo di
ancorarsi alla lamiera di
acciaio.

ATTRITO

L’intercetta k rappresenta
la resistenza per attrito che
agisce lungo la superficie di
contatto residua, influenzata
da fattori quali la rugosità
superficiale e la pressione
normale applicata.

Vl,Rd
b dp

=m
Ap
b Ls

+ k
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(3) Initial test: the slab should be subjected to an imposed cyclic load, which varies between a lower 
value not greater than 0,2Wt and an upper value not less than 0,6Wt, where Wt is the measured 
failure load of the preliminary static test according (2). 
 
(4) The loading should be applied for 5000 cycles in a time not less than 3 hours. 
 
(5) Subsequent test: on completion of the initial test, the slab should be subjected to a static test 
where the imposed load is increased progressively, such that failure does not occur in less than         
1 hour. The failure load Wt is the maximum load imposed on the slab at failure plus the weight of 
the composite slab and spreader beams. 
 
(6) In the subsequent test the load may be applied either as force-controlled or deflection-controlled. 
 
B.3.5  Determination of design values for m and k 
 
(1) If the behaviour is ductile, see 9.7.3(3), the representative experimental shear force Vt should be 
taken as 0,5 times the value of the failure load Wt as defined in B.3.4. If the behaviour is brittle this 
value shall be reduced, using a factor 0,8. 
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Note: b, dp and Ls are in mm, Ap is in mm2, Vt is in N. 

Key 
1 design relationship for longitudinal shear resistance

 
Figure B.4 : Evaluation of test results 

 

UNIVERSITA' CAGLIARI - servizio UNICoNTO - abbonamento n. 611 scadenza: 21/8/2007 - Documento scaricato il 16/7/2007

Le nuove vite del calcestruzzo riciclato · Flavio Stochino 51



Metodologia di progetto – metodo m-k Vl,Rd
b dp

=m
Ap
b Ls

+ k
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(3) Initial test: the slab should be subjected to an imposed cyclic load, which varies between a lower 
value not greater than 0,2Wt and an upper value not less than 0,6Wt, where Wt is the measured 
failure load of the preliminary static test according (2). 
 
(4) The loading should be applied for 5000 cycles in a time not less than 3 hours. 
 
(5) Subsequent test: on completion of the initial test, the slab should be subjected to a static test 
where the imposed load is increased progressively, such that failure does not occur in less than         
1 hour. The failure load Wt is the maximum load imposed on the slab at failure plus the weight of 
the composite slab and spreader beams. 
 
(6) In the subsequent test the load may be applied either as force-controlled or deflection-controlled. 
 
B.3.5  Determination of design values for m and k 
 
(1) If the behaviour is ductile, see 9.7.3(3), the representative experimental shear force Vt should be 
taken as 0,5 times the value of the failure load Wt as defined in B.3.4. If the behaviour is brittle this 
value shall be reduced, using a factor 0,8. 
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Note: b, dp and Ls are in mm, Ap is in mm2, Vt is in N. 
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1 design relationship for longitudinal shear resistance

 
Figure B.4 : Evaluation of test results 
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MECHANICAL 
INTERLOCK              
m -parameter

FRICTION                   
k -parameter

(kN/mm2) (kN/mm2)

M0 74,5882 0,0990

M20 87,0775 0,0831

M30 104,8139 0,0141

M50 47,6940 0,1717

M70 16,4571 0,2100

M100 7,0036 0,2550

Mix design
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Metodologia di progetto – metodo m-k - modificato
Vmod
b dp

= αRCAm0
Ap
b Ls

+ βRCAk0

αRCA x
= − 10.0097x2+ 9.4706x+ 0.9833 exp − 3.0703x

βRCA x = 26.7378x2− 7.1443x + 1.0403 exp − 2.0702x
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Perché le solette composte  con RCA presentano una buona capacità 
resistente allo scorrimento longitudinale:

1. Maggiore rugosità superficiale: gli aggregati RCA sono generalmente più angolari e rugosi rispetto agli
aggregati naturali, creando una superficie più irregolare e favorendo l’aderenza con l’acciaio. La maggiore
rugosità superficiale migliora l’ingranamento meccanico tra acciaio e matrice cementizia.

2. Maggiore porosità del calcestruzzo: gli RCA presentano spesso pori e vuoti non presenti negli aggregati
naturali. Questi pori possono favorire la formazione di uno strato di aderenza più efficace tra acciaio e matrice
cementizia. Ne consegue un incremento della resistenza di aderenza grazie alla maggiore area di contatto
interfacciale.
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• È possibile ottenere calcestruzzo strutturale anche quando la percentuale di sostituzione con
aggregato riciclato grosso (RA) raggiunge e supera il 50%.

• La presenza di aggregati riciclati grossi in parziale sostituzione di quelli naturali non comporta una
riduzione delle prestazioni meccaniche a scala strutturale.

• L’impiego di RCA limita lo sfruttamento delle risorse naturali non rinnovabili, riduce i detriti di
calcestruzzo conferiti in discarica o gestiti come rifiuti da costruzione e diminuisce i sottoprodotti della
produzione del calcestruzzo.

• L’inclusione degli RCA nel processo produttivo degli elementi prefabbricati in calcestruzzo rappresenta
una buona pratica di economia circolare, con molteplici benefici ambientali ed economici.

Conclusioni 1/2

Le nuove vite del calcestruzzo riciclato · Flavio Stochino 55



• Risorsa economica per i prefabbricatori

• Life Cycle Thinking – Progetto dell’intero ciclo di vita

Conclusioni 2/2
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'’…You can't see 
the whole picture 
without both 
eyes: practice and
theory are equally
necessary for 
true 
understanding…

fstochino@unica.it
070 675 5115
Linkedin: flavio-stochino-159ba386
X: flavio_stochino
Instagram: flavio.stochino
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